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Abstract 
Continuous monitoring of respiratory and anesthetic gases during a surgery is of vital importance for the patient 
safety. Commonly the gas composition is determined by gas chromatography or a combination of IR-spectroscopy 
and electrochemical sensors. This study presents a concept for an optical sensor based on spontaneous Raman 
scattering which offers several advantages compared to established systems. All essential components can be detected 
simultaneously, no sample preparation is necessary and it provides fast response times. To reach the performance of a 
commonly used gas monitor signal gain has to be increased e.g. by using a multi pass setup. 
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1. Introduction 
Spontaneously Raman scattering is an excellent tool for chemical analysis of gas mixtures. It is a 
noninvasive method for species identification and concentration measurement of molecules, since the 
intensity of the molecule specific Raman signal is linearly dependent on the concentration. Typically a 
few seconds are required to capture a gas phase Raman spectrum at room temperature by using a 
continuous wave (cw) laser as a light source. Compared with established methods for respiratory gas 
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monitoring a detection system based on Raman scattering has the advantage to measure the concentration 
online and with high precision and all species of a mixture can be detected simultaneously by using a 
single laser source [1, 2]. The outlined sensor is capable of measuring all relevant species that may occur 
during an anesthetic procedure simultaneously. The short measuring duration and the simultaneous 
detection of all relevant species insure a close-meshed monitoring in comparison to conventional systems. 
Thus, the anesthetist can intervene earlier and make key decisions regarding the patients’ health. This 
leads to a significantly increased effectiveness of the monitoring and control of anesthetic procedures. 
Including complications like hypoxic brain damage, postoperative delirium (5-10% of patients, in open 
heart surgery up to 50%) should be avoided for elderly patients. This in turn may prevent longer lying, 
premature nursing care or rehabilitation stays and improve the quality of care for patients and reduce the 
total cost for the health system. In contrast to previous studies (i.e. [1]), the goal of this study is to setup a 
notably compact system which is highly mobile and robust for daily use in the operation room. Therefore 
a compact DPSS laser and a CCD-spectrometer system are applied for the setup. Despite the fact that 
Raman spectroscopy has many advantages, it still is not in use for online monitoring of respiratory gases 
during surgeries, caused by the high costs of such a system. This has changed now due to the availability 
of new laser sources and new efficient detection systems. This study is the first step to investigate the 
potential of the Raman technique for concentration measurement of volatile anesthetic agents and 
respiratory gases. Therefore a laboratory system was build up, based on up to date components, to 
identify a useful spectral range for a signal evaluation and to estimate the necessary signal gain and signal 
to noise ratios (SNR), of such a sensor system. All components of the Raman probe will find place in a 
compact housing, which will be transportable and robust enough for daily use in the operation room. 
2. Measurement Principles 
The well-known principles of spontaneous Raman scattering can be found in literature (see e.g. [3, 4]). 
Therefore only a brief summery is presented here. When an electromagnetic wave (i.e. laser beam) with 
the energy E= hv0 passes through a gas volume that is containing molecules (no noble gases) several 
scattering processes may occur. Depending on the energy E of the electromagnetic wave, on the molecule 
density n, species and temperature one can observe elastic scattering processes, such as Rayleigh 
scattering. One order of magnitude smaller, inelastic scattering appears, modifying the rotational and 
vibrational energy of the molecules, which are exposed to the incoming light. Due to energy conservation 
the frequency vS/AS of the scattered light is shifted referring to the frequency v0 of the incident laser light. 
The frequency-shifted radiation is termed as Raman scattering. Depending on whether the involved 
molecule absorbs or emits energy a distinction in two cases is possible between the red shifted Stokes 
Raman scattering (vS= v0 - vR) and the blue shifted anti-Stokes Raman scattering (vAS= v0 + vR). The 
size of the frequency shift results from the difference in the rotational and vibrational energy levels of the 
molecule involved: 
 
( ) ( )' ', ' '' '', ''Rv T v J T v JΔ = −  (1) 
 
Single prime marked parameters indicate the upper energy level, and the parameters marked with two 
primes indicate the lower energy state of the molecule. The energy term T(v, J) consist of the energy 
values of the vibration and rotation of the molecule and is related to the vibrational quantum number J. 
For instance in case of diatomic molecules like N2, the energy term can be expressed by (2): 
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Here, e, exe, Be, e, De and e are molecule specific constants which can be found in compilation 
data books [5, 6], for diatomic and polyatomic molecules. From Eq. (2) one can see that the energy is 
only influenced by molecule specific constants. Consequently, also the Raman shift is a molecule specific 
parameter and can be used as a fingerprint for the explicit determination of this particular molecule [7]. In 
a gas mixture of species which interact to a moderate degree, the Raman spectrum will generally be a 
superposition of the Raman spectra of the components within the mixture [4, 8]. Since each molecule has 
its unique frequency spectrum for an individual species the frequency shift of the Raman signal R, can 
either be used for species identification or, by measuring the signal intensity, for a quantitative analysis of 
gas samples [9, 10]. The detected intensity Ii of a vibrational Stokes Raman line of species i can be 
written as (3) [11]. 
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Where  is the collecting solid angle, /  is the differential scattering cross section depending on 
molecular-specific parameters such as isotropy and anisotropy of the polarizability tensor  and also 
depending on the geometry of the setup. The parameter l is the length of the probe volume and I0 is the 
incident laser intensity. The factor k depends on the experimental setup, and takes into account the 
geometry and wavelength dependent losses, ni is the parameter of interest for concentration 
measurements, i.e. the number density of the specific gas species i inside the probe volume [4, 5, 7, 12]. 
In order to overcome the problem of laser intensity fluctuations, which would linearly influence the 
evaluated number density to be determined, it is common approaches to evaluate relative species 
concentrations by determine the signal intensity ratio of two species from a spectrum. This can be written 
as (4) [8, 13]: 
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3. Experimental Setup 
For the determination of the spectra a typical laboratory Raman system was build up as shown 
schematically in Fig. 1. The system includes a cw Nd:YVO4 laser which operates at = 532 nm. The 
Raman signals are measured by a spectrometer in combination with a back-thinned CCD chip.  
The laser beam is focused into the test cell. The Raman scattered light is collected perpendicular to the 
incident laser beam by a telescope with a large solid angle on the collecting side and an optical filter to 
suppress the unwanted Rayleigh signal. Spatial resolution is not of interest here. The light is then focused 
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into an optical fiber with 200 μm core diameter and guided to a spectrometer with a back-thinned CCD 
area sensor with a peak quantum efficiency of 90 %. Thermal noise is minimized by thermal conditioning 
of the CCD detector. The detectable spectral range is from 530 nm to 620 nm resulting in a Raman shift 
from 0 cm-1 to 2700 cm-1 (see e.g. fig. 2). Raman spectra were obtained for the commonly used volatile 
anesthetics like sevoflurane, desflurane, isoflurane, N2O and respiratory gases –, N2, O2 and CO2. In a 
first step the test cell was evacuated and then filled with the gas to be measured. For the volatile 
anesthetics sevoflurane, desflurane, isoflurane, several μl of liquid anesthetic were placed in the sealed 
cell. After a couple of seconds the vapor pressure reached a constant value, and the Raman spectra were 
recorded. The laser power was set to PL= 8 W and the integration time of the spectra was Tint= 30 s. 
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Fig. 1. Typical Raman setup with perpendicular detection Fig. 2. Recorded and normalized spectra of isoflurane, N2O and O2 form 0 cm-1 to 2600 cm-1 
 
In addition, we investigated the same substances under same experimental conditions but concerning a 
spectral width from 540 nm – 719 nm (290 cm-1 – 4830 cm-1) to survey the strong C-H bond which 
leads to a more intense signal compared to the signal between 500 cm-1 – 1500 cm-1, which is highly 
interesting for short integration times, reduced laser power and increased SNR. Additional, an attempted 
was made to increase the signal intensity by applying a multipass cavity as shown in fig. 3 and described 
by Hill et al. [14]. For a validation, the theoretical possible signal gain was computed versus number of 
passes for different single pass efficiencies. The computation of the gain amplitude GA can be calculated 
according to Waldherr and Lin [15]. Where Ri is the reflectivity and/or transmissivity, Tj, of each surface 
encountered during a single pass, resulting in (5): 
 
1 1
m k
i i
i j
R Tη
= =
= ∏ ∏  (5) 
 
Where m is the number of reflective surfaces and k is the number of transmissive surfaces. When all 
reflectivities are assumed the same and all transmissivities are assumed the same, Eq. (5) can be 
simplified to = RmTk. The amplitude gain for such a system is the summation of laser powers for all n 
passes normalized by the incident laser power [15] and can be written as (6): 
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Fig. 4 shows the amplitude gain versus passes for different single pass efficiencies. As expected form 
(6), we find an asymptotic behavior of the curve, for  < 1. 
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Fig. 3. Multipass cavity described by [9] and collecting optics 
with linear to linear fiber 
Fig. 4. Multipass amplitude gain GA versus the number of 
passes for different single pass efficiencies 
4. Evaluation Procedure 
For evaluation of the Raman signals the setup was calibrated once using a gas mixture including all 
species of interest at known concentrations. Since measurements are usually done in the range of ATP-
conditions („ambient temperature and pressure“) and not on a large scale may be varied, it is not 
necessary to take temperature or pressure dependency of the Raman cross section into account. Next, the 
spectra of all pure gases (N2; O2; N2O; CO2; sevoflurane; isoflurane; desflurane) where recorded at same 
conditions and stored in a database. To determine the concentration of measured spectra a contour fit 
algorithm (see e.g. [16]) was applied. In this procedure a synthetic spectrum is generated from weighted 
spectra of the pure gas components, and compared to the measured mixture spectrum using a fitting 
routine. The contour fit works best if the SNR of the measured spectra has a high value and if the Raman 
bands are well separated. But even if they partly overlap the contour fit method provides acceptable 
results. Since some of the anaesthetic agents are not used in combination with each other or parallel to 
each other, the effect of spectral line overlapping is considerable small. For instance N2O and CO2 overlap 
at 1300 cm-1 but N2O provides another peak at 2230 cm-1 and also CO2 one at 1390 cm-1. This peaks are 
well isolated and don’t interfere with other bands. Therefore they can be well used for a concentration 
determination. For validation purposes, a second mixture of a different and known composition but 
containing the same substances was generated and investigated by the described Raman probe. The 
validation mixture was generated gravimetrically with high precision and verified with a gas 
chromatograph (GC) (uncertainty +/- 2% relative). 
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5. Results 
5.1. Spectral windows for evaluation and identification 
Fig. 5 shows the spectra of the investigated materials superimposed. As mentioned before the 
anesthetic agents (sevoflurane; desflurane and isoflurane) are usually not administered parallel. Thus, 
there is only marginal overlapping which may influence the evaluation. These spectral ranges (i.e. for 
N2O and CO2 the peak at 1300 cm-1) can be excluded from the data evaluation, since both species provide 
alternative peaks which can be use for the concentration measurement. In addition, one can see from 
Fig. 5 that the Raman signals between 2800 cm-1 and 3100 cm-1 provide larger amplitudes in comparison 
to those between 500 cm-1 and 1500 cm-1 (we found for isoflurane: 10; desflurane: 8.3; sevoflurane: 7.6). 
These signals are more suitable for a concentration determination of the volatile anesthetic agents, since 
the SNR has a larger value resulting in a lower uncertainty. The region between 500 cm-1 and 1500 cm-1 
may be more interesting for species identification purposes. 
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Fig. 5. Recorded and normalized spectra of N2; N2O; O2;CO2; 
sevoflurane, desflurane and isoflurane form 0 cm-1 to 
3500 cm-1 
Fig. 6. Assessment of the realized multipass cavity by 
comparison of measurement and theoretical 
investigations  with single pass efficiency of =0.95 
Eq.(6) 
5.2. Signal gain amplification 
The assessment of the multipass cavity was done by inserting usually room air in the test cell with 
ambient pressure. In Fig. 6 the spectral power density for the N2 peak is plotted versus the number of 
passes. Supplementary a plot of a calculation with a single pass efficiency of = 95% is displayed. In the 
first experiments five stable beam passes were realized with standard optical equipment, ten to fifteen 
passes seem to be feasible in future. From Fig.4 is apparent that fifteen passes will lead to signal gain 
amplification of factor 11 for a cavity with = 95%. This gain can be exploited to reduce the laser power 
of the excitation source, for shorter signal integration which leads to a rise of the sampling rate or for 
archiving a larger SNR which reduces the uncertainty of the measurement. 
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5.3. Measurement inaccuracy of Raman probe 
To verify the evaluation procedure and to get an impression of the measurement inaccuracy, we 
measured the concentration of a second GC validated calibration gas with the Raman probe. In Fig. 7 the 
results of this measurement are plotted and shown more detailed in Tab 1, it can be seen that the relative 
deviation between the GC and the Raman probe becomes larger for small concentrations. However, the 
absolute deviation is rather small and the properties of the anesthetic gas mixture can be detected with 
sufficient accuracy in this first feasibility demonstration. As it can be seen from Fig.8 even transient 
changes in gas composition can already be detected over longer time periods with this Raman sensor. 
Table 1.  Estimation of the measurement inaccuracy. cGC: concentration measured by GC; cRP: concentration measured by Raman 
probe; s: standard deviation standard; f: relative error of measurement 
Species .%G Cc vo l  .%R Pc v o l  .%s vol  relative to GC%f
 
CO2 1.88 2.27 0.12 20.74 
N2 7.57 7.74 0.03 2.24 
N2O 45.21 44.27 0.11 2.07 
O2 45.34 45.72 0.11 0.83 
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Fig. 7. Verification of measurement accuracy  Raman probe; 
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Fig. 8.  Results of concentration measurements with the 
Raman probe in a gas flow, varying sevoflurane 
concentration in a mixture of N2 and O2 from 
0.2 vol.% to 5.0 vol.% 
  
6. Conclusion 
In the presented study it was shown that the detection of respiratory gases and anesthetic gases by 
using a compact Raman probe is possible. The concentration measurements on the basis of a contour fit 
algorithm deliver already results with a good accuracy, even for low concentrations. An anesthetic gas 
sensor requires a measurement repetition rate of about 5 seconds for breath-to-breath analysis. Assuming 
the lowest concentration which has to be detected (0.2 Vol.%.), the presented setup has still to be 
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improved in terms of signal gain by a factor of 10 in order to achieve a desired signal intensity of about 
30-40 counts/5s. This can be realized with a multipass cavity and with further optimization of the setup 
e.g. by additionally collecting the Raman signal under 270°. 
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